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Abstract 

The Polonyi field is a necessary ingredient in any viable scenario of gravity 
mediated supersymmetry breaking. However, it is known that the presence of the 
Polonyi field leads to several serious cosmological problems, which are collectively 
referred to as the Polonyi problem. We show that the Polonyi problem can be 
solved if the Polonyi field couples to a pseudo modulus in the superpotential and 
this pseudo modulus has a large field expectation value during inflation. To illustrate 
our idea, we construct an explicit model which can be readily connected to scenarios 
of gravity mediation. The generation of the mass parameters contained in our model 
by strong gauge dynamics is also commented on. 



1 Introduction 



The Polonyi problem is one of the most serious problems in the gravity mediated su- 
persymmetry (SUSY) breaking scenario [I]. The presence of the Polonyi field S is an 
inevitable ingredient in gravity mediation, since otherwise we would have vanishing gaug- 
ino masses at the tree level and hence gauginos would be much lighter than sfermions. 
The non-discovery of the gluino at the LHC [2] already suggests too large squark masses 
assuming gravity mediated SUSY breaking without the Polonyi field (see for example [3]), 
which makes the SUSY solution to the hierarchy problem very questionable. 

However, if the Polonyi field S exists we encounter several serious cosmological prob- 
lems. This is because the Polonyi field is neutral under any symmetry and its origin 
has no meaning, and hence it naturally has an O(Mpl) initial value at the end of infla- 
tion (Mpl — 2.4 x 10 18 GeV is the reduced Planck scale). The Polonyi field starts to 
coherently oscillate when the expansion rate of the universe becomes smaller than the 
Polonyi mass and it decays at much later times. In particular, its decay produces too 
much entropy inducing a huge dilution of the primordial baryon- number asymmetry pQ. 
Furthermore, its decay occurs during/ after big bang nucleosynthesis (BBN) and destroys 
the light elements created during BBN (for a recent analysis, see jl]). 

In this paper, we show that the Polonyi problem can be easily solved if there is a 
pseudo-flat direction which couples to the Polonyi field in the superpotential. A large 
vacuum expectation value of this flat direction gives a large mass to the Polonyi field 
such that it sits close to the minimum of the potential during inflation. We show that 
this minimum during inflation coincides with the minimum of the potential in the present 
universe and that the coherent oscillation of the Polonyi field is thus suppressed. 

This paper is organized as follows. In section [21 we briefly review the Polonyi problem. 
In section [31 we present our solution to the Polonyi problem. The last section is devoted to 
discussion and conclusions. Finally, the generation of the mass parameters of our model 
by strong gauge dynamics is discussed in the Appendix. 
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2 The Polonyi problem 



In this section we briefly review the Polonyi problem. The Polonyi field, which is com- 
pletely neutral under any symmetry, is a necessary ingredient in any viable scenario of 
gravity mediated SUSY breaking. The Polonyi field has a mass ~ p 2 /MpL, where p 
is the SUSY breaking scale, mj is of the order of the gravitino mass 777,3/2 = 0(TeV). 
Since the mass of the Polonyi field is small and negligible in comparison with the typical 
Hubble scale of inflation, the Polonyi field generally has a non-zero vacuum expectation 
value of O(Mpl) during inflation. Here, we define the minimum of the Polonyi potential 
in the present universe as S = 0. 

After the end of inflation, when the Hubble scale becomes smaller than 7775, the Polonyi 
field starts to coherently oscillate around the minimum of its potential, i.e. S — 0. We 
suppose that the oscillation starts before the reheating process completes, since otherwise 
the cosmological problem mentioned below becomes more disastrous. At the beginning 
of the oscillation, the ratio of the energy density of the Polonyi field ps to that of inflaton 
field is given by 

p s _ m||^| 2 |^| 2 



3M PL m 2 s 3M PL 



(1) 



Here, we have used the equality H ~ 777,5 where H is the Hubble parameter of the universe. 
The ratio in Eq. (Op) is conserved until the beginning of the reheating process. 

After the reheating process completes, the ratio of the energy density of the Polonyi 
field to the entropy density of the universe s is given by 

Ps _PsP<t> _ \Sj\ 2 T R _ 8 T R ( \Sj\ \ 2 

s ~ P<t> s - 4M PL ~ 3 X 10 GeV W GeV \M pl ) ' (2) 

where Tr is the reheating temperature. Since the Polonyi field couples to the visible sector 
through dimension-5 operators, its decay rate can be roughly estimated as 



8ttM pl 



KTW- {^) • (3) 
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Therefore, the Polonyi field decays during or after BBN and its decay spoils the success of 
BBN. Thus, the energy density of the Polonyi field is strictly constrained. For example, 
for m s = 1 TeV, successful BBN requires ps/s < 10~ 13 GeV [5j. This constraint leads to 



which requires substantial fine-tuning. 

This fine tuning is considered to be a fine tuning of the Kahler potential. Terms in the 
Kahler potential such as K D d(fy(j)S/Mp L + cM PL S, where is the chiral multiplet of 
the inflaton and d and c are coupling constants, are not protected by any symmetry and 
generally non-zero. That is, the smallness of these terms is not natural even in the sense 
of 't Hooft [6]. These terms bring about an O(Mpl) difference between the minimum of 
the Polonyi potential during and after inflation because of their coupling to the potential 
energy of the inflaton. The situation is most severe in the case of the term linear in 
the Polonyi field K D cMplS. This term is always generated by the interaction with 
the gauge multiplets in the model and it is quadratically divergent [7]. Therefore, even 
if we suppose that the linear term is tuned to be zero at some energy scale of interest, 
a small change of the coupling constants in the theory leads to large linear term. This 
behavior should be compared with the Higgs mass term in the standard model. Without 
fine tuning of the linear term in the Kahler potential, we are thus never able to satisfy 
the condition in Eq. fl4]). 

3 A solution to the Polonyi problem 

Let us present a simple model to demonstrate our mechanism to solve the Polonyi prob- 
lem. First of all, we assume an R symmetry throughout this paper to understand the 
smallness of the constant term {i.e. gravitino mass) in the superpotential, otherwise we 
would expect a large gravitino mass of order Mpl- We suppose that a condensation of 
some field operator O breaks the R symmetry and generates the small constant term in 
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the superpotential, Wo — (0}a 

Now, let us introduce the Polonyi field S. Since it has to be completely neutral under 
any symmetry in order to generate the gaugino mass terms, it generally couples to the 
operator O in the superpotential. Thus, we have a superpotential, 

W = hS (O) + (O) , (5) 

where k\ is a constant and O as well as the Polonyi field S carry R charges 2 and 0, 
respectively. Here and hereafter, we work in units such that Mpl = 1. We easily find 
that a vanishing cosmological constant is realized by choosing an appropriate value for 
k\. This is a big merit of this type of model, in which we assume only one dynamical 
origin for the R symmetry and SUSY breaking scales, namely the condensation of the 
operator O. This condensation can be achieved by the condensation of hidden gauginos [9] 
or quarks such that O = W a W a or (QQ) n , for exampleE The dynamical generation of 
the quark condensate by hidden strong gauge interactions is reviewed in Appendix [A] As 
for the following discussion, we merely assume that the operator O has a non-vanishing 
expectation value and focus on explaining our main idea. 

Notice that the superpotential in Eq. §5§ yields a completely flat potential in S up 
to supergravity corrections, as long as the Kahler potential for S is the minimal one, 
K = S^S. To resolve this vacuum degeneracy, we introduce pseudo-flat directions in the 
scalar potential by adding a pair of chiral multiplets X and X which couple to S in the 
superpotential. However, we must also introduce an additional pair of fields, Y and Y, as 

1 As discussed in Ref. [8] , the generation of the constant term in the superpotential by the breaking 
of a genuinely continuous i?-symmetry requires an i?-charged field having a vacuum expectation value of 
the order of the Planck scale and a non- vanishing -F-term. In the following, however, we assume instead 
that, in the sector responsible for the generation of the constant term Wq, the i?-symmetry is a discrete 
symmetry or at least broken by the anomalies of some strong gauge dynamics so that it effectively ends 
up being a discrete symmetry. 

2 Since these operators carry R charge, the condensation induces a spontaneous breakdown of the R 
symmetry Since the R symmetry is explicitly broken down to a discrete one by the gauge anomaly from 
the outset, the condensation produces too many domain walls in the early universe. However, as pointed 
out in Ref. [TU], the domain walls are easily inflated away. 
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mass partners of X and X, respectively, in order to stabilize the SUSY breaking vacuum. 
Now the superpotential is given by 



where fj 2 = k\{0) and k 2 are constants. We have absorbed a possible mass term MXX 
in the definition of S. The constant term (O) is shifted to {O') in accordance with this 
redefinition, m and m! are dimension-1 parameters and their origin can also be obtained 
from strong gauge dynamics as we explain in Appendix A. The magnitude of the mass 
parameters m and m! is discussed in the following along with our mechanism to solve the 
Polonyi problem. 

Let us discuss the symmetries of the theory. We take the R charges X[— 1], X[3], Y[— 1], 
F[3], m[0] and m'[0]. The reason why we choose the R charge of X to be —1 is explained 
later. Furthermore, we introduce another discrete symmetry Zm different from the R 
symmetry to suppress mass terms such as W = M'YY. If such a mass term existed, we 
would expect that M' ~ 1. In this case, X would become as light as mm! /M' by the 
seesaw mechanism. Later, we will assume that X has a large field value during inflation. 
Therefore, we would have again a modulus problem if X was such light. We assume 
the charges under this discrete Zm to be Y[1],Y[1], m[— l],m'[— 1] and for all other 
fields and mass parameters, i.e. S, X, X and \i. We also introduce a matter parity Z 2 to 
guarantee the stability of the lightest supersymmetric particle so that it can form dark 
matter as well as to explain the observed long lifetime of the proton. Under this Z 2 , 
quarks, leptons, X, X, Y and Y have odd parity and all other fields have even parity. 
All charge assignments are summarized in Table [U We see that the above mentioned 
dangerous term W = M'YY is forbidden. 

For the time being, we neglect possible higher- dimensional terms in the superpotential. 
In the SUSY breaking vacuum, 



W = n 2 S + k 2 SXX + mXY + m'XY + (C) 



(6) 



(X) = (X) = (Y) = (Y) = 0, 



(7) 
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Table 1: Charge assignments for the fields S, X, X, Y, and Y as well as the spurious 
fields /i 2 , m, and ml under the R symmetry, the discrete symmetry Zm and the matter 
parity Z 2 . 



and S is undetermined at the tree level. Here, we assume that |&2/U 2 | < \m 2 \, \m' 2 \ since 

otherwise the SUSY breaking vacuum would correspond to (Y) = (Y) = 0, (X) = (X) ~ 

i li 

fi/k 2 along with a vanishing F-term of S. The flat direction S is lifted by one- loop 
corrections due to its interaction with X and X. In fact, by integrating out the massive 
fields X, X, Y, and Y, we obtain the following correction to the Kahler potential, 



5K = -^{^) + ' (8) 

which generates a positive mass squared for S around S = 0. Here, we take m = ml for 
simplicity Thus, we have a unique SUSY breaking vacuum, in which 

(S) = 0, F 5 = /i 2 , (9) 

along with Eq. ([7]). 

Now we are at the point to show our solution of the Polonyi problem. Suppose that the 
Hubble constant during inflation H m { is larger than the mass scales m and m'jfl We also 
assume that only X obtains a Hubble-induced negative mass squared and hence rolls down 
to the Planck scale (X) ~ 1 during inflation. Then, S obtains a large SUSY-invariant 
mass of the order of the Planck scale and is forced to sit around the origin S = 0. Due 
to the term linear in S in the Kahler potential, the field value is not exactly one but 
(S) ~ H 2 ni / (X) ~ H 2 n{ . After the end of inflation, X rolls down towards the minimum of 



therefore, it is required that H ini > \m\, \m'\ > \fi\ = (v / 3m 3/2 ) 1/2 = 6 x 10 10 GeV (f^) 1/2 - 
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the potential forced by the mass m. S also rolls down towards the origin S — 0. Notice 
that the potential minimum during inflation, S ~ Hf ni is close to the true minimum S = 
in the present universe and the Polonyi problem hence does not exist. 

The next question is whether it is possible for the field X to decay without causing 
any problems. The decay of X occurs through the following superpotential, 

W = Cl Xudd + c 2 XLLe, (10) 

where c\ and c 2 are coupling constants, u, d, L and e are the right-handed up-type 
quark, down-type quark, left-handed lepton doublet and right-handed charged lepton, 
respectively. Note that we can assign R charge +1 to the fields u, d, L and e as usual 
without running into a contradiction with the SU(5) GUT [11] or the Giudice-Masiero 
mechanism |12j . It is now clear that the above interactions are consistent with all symme- 
tries that we have imposed. This is the reason why we previously assigned the R charge 
— 1 to X. The decay rate of the pseudo modulus X is estimated as 

r^(| Cl p + k2 |V^(^) 3 r^io'W-. fc^)*, (ID 

which is sufficiently large so that the oscillating field X decays well before BBN. 

Before closing this section, let us comment on the effect of higher- dimensional opera- 
tors. Operators including X might spoil our mechanism since X has a large field value 
during inflation and higher-dimensional operators containing X are not suppressed by the 
Planck scale. Such terms are, however, absent in our model since we assume a continuous 
R symmetry in the sector consisting of the fields X, X, Y and Y . If the R symmetry 
in this sector is a discrete one even in the classical limit the interaction W D X n X 
would exist for an appropriate integer n. This interaction would then force S to roll down 
the scalar potential to minimize the F-term of X, which would result in (S) ~ 1 during 

4 Recall that in the R symmetry-breaking sector any continuous R symmetry is always explicitly broken 
down to a discrete one, if not at the tree level then at least at the quantum level due to gauge anomalies, 
see also footnote Q] 
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Table 2: U(l)x and i? charge assignments for all fields in the SU(5) x U(l)x model 
discussed at the end of section [31 

inflation and restore the Polonyi problem. However, even if we only assume the discrete 
R symmetry, we can invoke the anomaly-free U(l)x symmetry, which is a linear combi- 
nation of U(l)y and U(1)b-l- Imposing this symmetry is natural rather than artificial if 
we believe that U(1)b-l is a gauge symmetry 

To see how well we can suppress problematic higher- dimensional operators, let us 
discuss an SU(5) GUT model including an additional U(l)x gauge symmetry as well 
as right-handed neutrinos N. The charge assignments for all fields in this model are 
shown in Table |2j $ and $ are the B—L breaking fields. When the R symmetry is the 
Z n f{, higher- dimensional superpotentials which are consistent with all the symmetries and 
which lead to the above mentioned superpotential are of the form (Q 3 X l0 ) e XX. Here, i 
is the positive integer which satisfies that 10 1 is a multiple of n. The effects of the higher- 
dimensional operators are then suppressed by (($) /Mp^) 31 . By choosing n appropriately, 
the Polonyi field S is well trapped near the origin S = during and after inflation. 

4 Discussion and conclusion 

In this letter, we have proposed a simple SUSY-breaking model in which the SUSY- 
breaking vacuum at the origin of the Polonyi field S is the unique true vacuum, at least 
as long as Planck-suppressed interactions are neglected. It is crucial for this model to 
contain a pseudo-modulus of mass m. We have found that the simple SUSY-breaking 
model naturally provides a solution to the Polonyi problem if the mass parameter m is 
smaller than the Hubble rate H m f during inflation. The pseudo-modulus may then have 
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a large field value during inflation such that the Polonyi field acquires a large mass and is 
stabilized near the true minimum of the potential during inflation as well as in the present 
universe. Though we have explained this surprising mechanism by means of a concrete 
example, we believe that it is general and also applicable to other models. 
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A Dynamical generation of mass scales by quark con- 
densation 

In this appendix, we discuss the generation of the mass scales in Eq. ([6]) by quark con- 
densation in some hidden gauge sector. Let us consider an Sp(N c ) gauge theory with 
massless N c + 1 pairs of quark Qi (i = 1,2,..., 2(N C + 1)) in the fundamental representa- 
tion. Since this theory is asymptotically free, we expect that the theory is well described 
by gauge-invariant degrees of freedom at low energy. Actually, it is known that the theory 
is described by (N c + l)(2iV c + 1) mesons M.ij ~ QiQj fulfilling the quantum constraint 



where A is the dynamical scale of this Sp(N c ) gauge theory [13]. Therefore, a quark 
condensation, (QQ) ~ (Ai) ~ A 2 , occurs in this setup. This condensation can provide 
us with the mass parameters in Eq. (Q. For that purpose, we suppose that there are two 
independent hidden gauge sectors Sp(N c ) and Sp(N^) which generate fi 2 = k\{0) and m, 
m', respectively. Let us discuss the generation of fi 2 and m, m' in turn. 



Pf M = 2 Arc " 1 A 2 ( JVc+1 ) 
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A.l Generation of fi 2 

First note that the constraint does not fix the field values of the mesons and the mesons 
hence remain massless. In order to fix the field values, we introduce (N c + 1)(2N C + 1) — 1 
Sp(AT c )-singlet chiral multiplets T p and assume a superpotential of the following form 

W = Cp^TpQiQj ~ Cp^TpMij, (13) 

where c p ^ are coupling constants. Here, we have suppressed the gauge indices. There are 
(N c + 1)(2N C + 1) — 1 F-term conditions for the T p fields and one quantum constraint, 
while there are (N c + 1)(2N C + 1) meson fields. Therefore, for generic coupling constants 
c p jj, this superpotential completely fixes the meson fields in the quantum moduli space. 

The quark condensate breaking the R symmetry corresponds to the expectation value 
of the operator 

o = T^mr (14) 

m PL 

in the superpotential. Here, summations over gauge and flavor indices are implicitly 
understood. This operator O actually condenses and corresponds to the operator O 
in Eq. (jSJ). The genericity of the superpotential in Eqs. CT3T) and 014|) is guaranteed 
by the R charges of Q[l/n] and T\2 — 2/n] with n > 2 j£| As we have discussed in 
section [31 the Polonyi field 5" is coupled to the quark condensate in the superpotential 
W = h/MpiS'iO) such that /j, 2 can be identified as /i 2 ~ A 2n /M 2 ™" 2 with A being the 
dynamical scale of the gauge theory. 

In this letter, we couple the Polonyi field in addition to the pseudo moduli X and X. 
The full superpotential for the fields S, X and X is then given by 

W = /j, 2 S' + k 2 (S' - M)XX + mXY + m'XY. (15) 



5 Note that these charge assignments imply a gauge anomaly, which is a necessary condition to achieve 
R symmetry breaking without breaking SUSY [5] , see also footnote [TJ 
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The Polonyi field S in the main text and S' are related by S' = S + M. In order to solve 
the Polonyi problem, we utilize the vacuum with (S') = M ((S) = 0) during and after 
inflation so that X has a small mass and rolls down to a large field value. Even if S' 
has such a large field value, the dynamics of the hidden quarks are not affected since the 
coupling between the Polonyi field and quarks is suppressed by the Planck scale. 

A. 2 Generation of m and m! 

The terms mXY and m'XY are generated in a similar way as the /i 2 term discussed 
in the previous subsection. We introduce (N' c + 1)(2N' C + 1) — 1 S^A^-singlet fields 
Tp (p = 1, 2, (N' c + 1)(2N' C + 1) — 1) and assume the superpotential 

W = d^T v Q\Q> 3 + j^XYQlQ' + ^-^ygjg;. (16) 

For the Zm symmetry to be broken, we assume that the Q' quarks have Zm charges —1/2. 
The mass parameters are then given by = y^A' 2 /Mpi, where are appropriate 
combinations of the y\- and where A' is the dynamical scale of the gauge theory. 

In order to solve the Polonyi problem, we assume that X has a large field value during 
inflation. In this case, Y and T' v combine to work as a SUSY breaking field in the model 
discussed in Ref. [H]. Therefore, there is an extra contribution to the vacuum energy 
during inflation, AV ~ A' 4 ~ m 2 Mp L . Since we assume that m < H m {, this vacuum 
energy does not affect the inflationary dynamics. 
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